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Novel  Pd  flower-like  nanostructured  networks  are  synthesized  via  a  simple  CO-assisted  reduction.  The 
morphology  and  size  of  the  Pd  nanostructures  are  found  to  strongly  depend  on  the  temperature  and 
solvent  during  the  synthesis  process.  Such  Pd  flower-like  nanostructured  networks  exhibit  a  much 
enhanced  activity  of  about  3  times  of  that  on  conventional  Pd  nanoparticles  towards  the  electrocatalytic 
oxidation  of  formic  acid.  The  specific  activity  of  formic  acid  oxidation  on  Pd  nanostructures  is  also  greatly 
improved,  indicating  that  the  formation  of  flower-like  nanostructured  networks  is  beneficial  for  the 
electrooxidation  of  formic  acid.  Thus,  it  could  be  served  as  highly  active  catalyst  for  formic  acid  elec¬ 
trooxidation  although  the  stability  needs  to  be  greatly  improved. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Recently  direct  formic  acid  fuel  cells  (DFAFCs)  have  attracted 
increasing  attention  due  to  their  high  energy  density  and  conve¬ 
nient  storage  and  transport  of  liquid  formic  acid,  etc  [1—5  .  To  date, 
as  the  prevailing  catalysts  for  the  electrocatalytic  oxidation  of 
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formic  acid  [6,7],  Pt  and  Pd  based  catalysts  have  been  the  research 
focuses.  And,  Pd  is  now  deemed  as  the  best  choice  due  to  its  su¬ 
perior  initial  electrocatalytic  activity  and  a  relatively  low  cost 
compared  to  Pt.  However,  the  activity  and  durability  of  Pd-based 
catalysts  towards  formic  acid  oxidation  is  seriously  restricted  by 
(CO)ad-like  poisoning  species  and  possible  dissolution  of  Pd  species 
in  acidic  solutions  [8,9].  The  synthesis  of  high  performance  Pd- 
based  catalysts  thus  turns  out  to  be  a  hot  topic.  Preparation  of  Pd 
with  special  morphology  has  been  considered  as  an  effective 
method  to  improve  the  performance  for  formic  acid  oxidation 
[10-14]. 
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Fig.  1.  (A-B)  TEM  images  of  Pd  FNOO  synthesized  at  0  °C.  Inset  in  A:  photograph  of  the  resultant  colloid.  (C)  HRTEM  image  of  the  network.  (D)  SAED  pattern  of  the  network. 


Pd  has  been  currently  modulated  to  various  nanostructures 
with  well-defined  morphologies  such  as  cubes,  tetrapods,  bi- 
pyramidals,  freestanding  nanosheets,  and  nanowire  networks 
[10-14].  Among  these,  highly  dispersed  and  uniform  Pd  nano¬ 
wire  networks  have  demonstrated  improved  electrocatalytic  ac¬ 
tivity  for  formic  acid  oxidation  depending  on  the  aspect  ratio  of 
the  nanowires  compared  to  the  conventional  Pd  nanoparticles 
(NPs)  12,15  .  Recent  work  by  Tang  et  al.  has  revealed  that  the  use 
of  Pd-Co  3-dimension  network  catalyst  leads  to  a  greatly 
enhanced  catalytic  activity  and  durability  towards  the  oxidation 
of  formic  acid  owing  to  their  excellent  electrochemical  self¬ 
stability  16].  Herein,  we  describe  a  simple  CO-assisted  synthe¬ 
sis  of  novel  Pd  flower-like  nanostructured  networks  (Pd  FNs). 
Such  Pd  FNs  materials  can  provide  much  enhanced  catalytic  ac¬ 
tivity  for  the  oxidation  of  formic  acid  relative  to  the  conventional 
Pd  NPs. 

The  Pd  FNs  catalysts  were  prepared  using  polyvinyl  pyrrolidone 
(PVP)  as  a  stabilizer  and  CO  as  reducing  and  capping  agents  in 
methanol  solution  at  different  temperatures.  For  a  comparison,  Pd 
NPs  were  also  prepared  with  a  similar  procedure  but  in  an  aqueous 
solution. 

2.  Experimental  section 

2  A.  Preparation  of  catalysts 

Palladium  chloride  (PdCl2,  AR),  sodium  chloride  (NaCl,  AR),  PVP 
(I<30,  MW  =  40,000),  methanol  (AR),  formic  acid  (AR),  and 


perchloric  acid  (AR)  were  purchased  from  SinoPharm  Chemical 
Reagent  Co.  Ltd  (SCRC).  High-purity  CO  and  N2  were  obtained  from 
Air  Products  and  Chemicals,  Inc.  All  the  chemicals  were  used  as 
received. 

210  mg  PVP  and  100  mL  of  3.876  mM  Na2PdCl4/methanol  so¬ 
lution  was  added  into  a  flask.  Then,  high-purity  N2  was  purged  into 
the  flask  to  remove  the  air  in  the  mixture  by  stirring  violently  at  a 
certain  temperature  (FNOO  at  0  °C,  FN25  at  25  °C,  and  FN50  at  50  °C, 


Fig.  2.  SEM  image  of  the  Pd  FNOO. 
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respectively)  for  1  h.  Thereafter,  CO  was  introduced  into  the  flask  at 
a  flow  rate  of  200  mL  min-1  under  a  gentle  stirring.  After  CO 
purging  for  10  min,  a  CO  filled  balloon  was  used  to  provide  CO  at¬ 
mosphere  for  the  reaction  system  for  another  5  h.  Finally,  the  Pd 
FNs  catalysts  were  collected  by  filtration,  washed  with  acetone  and 
water  for  more  than  5  times  and  dried  under  vacuum  for  12  h  at 
40  °C.  Pd  sphere  nanoparticles  were  prepared  at  25  °C  using  a 
similar  procedure  but  in  aqueous  solution. 

2.2.  Physical  characterization 

Transmission  electron  microscopy  (TEM)  and  high  resolution 
TEM  (HR-TEM)  characterizations  were  carried  out  on  a  JEOLJEM- 
2100F  TEM.  The  samples  were  prepared  by  ultrasonically  sus¬ 
pending  the  catalyst  powder  in  water.  A  drop  of  suspension  was 
then  placed  onto  a  holey  copper  grid  and  dried  in  air.  Scanning 
electron  microscopy  (SEM)  characterization  was  conducted  on  a 
HITACHI  S-4700  SEM. 

2.3.  Electrochemical  evaluation  of  catalysts 

Electrochemical  experiments  were  carried  out  using  CHI  730B 
Potentiostat  and  with  a  conventional  three-electrode  cell.  The  Pd 
catalyst  (10  mg),  Nation  solution  (0.5  mL  of  5  wt.  %),  and  ultrapure 
water  (2.5  mL)  were  mixed  ultrasonically  to  form  the  catalyst  ink. 
Subsequently,  3  pL  of  above  ink  was  transferred  onto  the  surface  of 
a  glassy  carbon  (GC,  3  mm  in  diameter)  electrode  using  a  micro¬ 
syringe.  The  electrolyte  used  was  0.1  M  HCIO4  or  0.1  M 
HCIO4  +  0.1  M  HCOOH.  High-purity  nitrogen  was  used  for  the 


deaeration  of  the  solutions.  In  all  cases,  electrochemical  measure¬ 
ments  were  conducted  at  a  temperature  of  25  ±  1  °C. 

3.  Results  and  discussion 

TEM  images  in  Fig.  1A  clearly  reveal  the  formation  of  Pd  flower¬ 
like  nanostructures,  synthesized  at  0  °C  (Pd  FN00),  and  the  inset 
shows  that  the  resultant  colloid  solution  is  in  dark  blue  (in  the  web 
version).  The  mean  diameter  of  the  flowers  based  on  an  average  of 
more  than  100  individuals  is  96.8  nm.  Notably,  a  huge  number  of  Pd 
NPs,  like  stamens  or  pollens,  are  well-distributed  on  the  surface  of 
the  flowers,  as  can  be  seen  in  Fig.  1 A  and  B.  The  mean  diameter  of  Pd 
NPs  on  the  surface  is  about  3.80  nm.  Further  HRTEM  image  focused 
on  an  area  without  any  NPs  (Fig.  1C)  clearly  confirms  the  formation 
of  Pd  nanostructured  network.  The  observed  lattice  fringe  distance 
of  0.223  nm  can  be  assigned  to  the  Pd  (111)  facet  [17-19  .  Inter¬ 
estingly,  the  observed  lattice  fringes  are  continuous  along  the 
network,  suggesting  a  sequential  growth  of  the  Pd  nanocrystals 
during  the  synthesis.  The  crystal  structure  of  the  Pd  FN00  was 
further  analyzed  using  selected-area  electron  diffraction  (SAED),  as 
shown  in  Fig.  ID.  The  SAED  pattern  contains  a  set  of  diffraction 
rings  denoted  as  (111),  (200),  (220)  and  (311),  which  can  be 
assigned  to  the  face-centered-cubic  (fee)  structure  of  the  Pd  [20,21  . 
SEM  image  in  Fig.  2  presents  more  visual  flower-like  morphologies 
of  the  Pd  FN00. 

Further  investigations  find  that  the  formation  of  Pd  FNs  is 
temperature  sensitive  during  the  synthesis.  When  the  reaction 
temperature  was  raised  to  25  and  50  °C,  the  resultant  mixture  of  Pd 
FN25  was  still  in  dark  blue;  but  the  Pd  FN50  turns  out  to  be  black. 


Fig.  3.  (A-B)  TEM  images  of  the  Pd  FN25,  synthesized  at  25  °C.  Inset  in  A:  photograph  of  the  resultant  colloid.  (C)  HRTEM  image  of  the  network.  (D)  SAED  pattern  of  the  network. 
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Fig.  4.  TEM  images  of  the  Pd  FN50  (A-B).  Inset  in  B:  HRTEM  image. 


The  difference  in  solution  color  might  be  an  indicator  of  the  reac¬ 
tion  rate.  TEM  images  in  Fig.  3A  and  B  shows  obvious  flower-like 
structure  of  the  Pd  FN25  with  a  decreased  mean  diameter  of 
81.6  nm.  Interestingly,  Pd  FN25  shows  much  less  Pd  NPs  distributed 
on  the  surface  of  the  flower-like  nanostructures  in  comparison  to 
the  Pd  FN00.  HRTEM  image  in  Fig.  3C  again  demonstrates  the  for¬ 
mation  of  Pd  network  with  the  Pd  (111 )  lattice  fringe  clearly  visible. 
The  SAED  pattern  in  Fig.  3D  also  confirms  the  Pd  fee  structure  of  the 
Pd  FN25.  When  the  synthesis  temperature  increases  to  50  °C, 
however,  irregular  networks  with  some  isolated  NPs  can  be  ob¬ 
tained,  as  can  be  seen  in  Fig.  4. 

From  above  results,  it  is  clear  that  the  morphology  and  size  of 
the  Pd  FNs  strongly  depend  on  the  temperature  and  solvent 
during  the  synthesis  process.  Generally,  a  much  faster  “nucle¬ 
atin’’  process  would  happen  at  high  temperature  once  CO  was 
introduced  as  reducing  agent,  and  more  Pd  seeds  would  be 
formed  during  “evolution  of  nuclei  into  seeds”,  implying  that  less 
residual  precursor  exists  in  the  solution.  Hence,  the  subsequent 
growth  of  seeds  into  nanocrystals,  due  to  an  insufficient  amount 
of  Pd  precursor  in  the  solution,  would  lead  to  the  formation  of 


Fig.  5.  TEM  image  and  size  distribution  diagram  (inset)  of  the  Pd  NPs  synthesized  in  an 
aqueous  solution. 


small-size  nanostructures.  On  the  contrary,  the  synthesis  of  Pd 
nanostructures  at  lower  temperature  would  result  in  a  slower 
reduction  of  the  precursor.  In  this  case,  Pd  FNs  with  big  size 
would  be  formed  [22,23  .  The  Pd  NPs  on  the  surface  of  Pd  FNs 
might  be  due  to  the  presence  of  small  amount  of  water  in 
methanol  solution. 

Also,  carbon  monoxide  was  employed  as  both  reducing  agent 
and  capping  agent  for  the  synthesis  of  Pd  FNs.  As  reported,  CO 
would  preferentially  adsorb  on  the  Pd  (111 )  surface,  thus  facilitating 
the  growth  of  nanocrystals  having  (111)  as  the  main  exposure 
surface  [24].  Previous  synthesis  of  freestanding  Pd  nanosheets  has 
indicated  that  the  introduction  of  CO  plays  a  crucial  role  for  the 
anisotropic  growth  in  a  2-dimensional  plane  [10  .In  the  meantime, 
the  control  of  reduction  kinetics  by  CO  could  facilitate  one 
dimensional  growth  of  metals  [25  .  Accordingly,  CO  seems  to  play 
the  similar  roles  in  our  synthesis  procedure.  Thus,  the  combination 
of  both  anisotropic  growth  and  one  dimensional  growth  of  Pd 
nanostructures  could  be  responsible  for  the  formation  of  Pd  FNs. 

Furthermore,  TEM  image  of  as-prepared  Pd  NPs  synthesized 
in  pure  water,  as  shown  in  Fig.  5,  indicates  that  the  mean 
diameter  of  Pd  NPs  is  ca.  3.87  nm  with  a  very  narrow  particle  size 
distribution. 

The  electrochemical  performance  of  the  Pd  FNs  and  Pd  NPs 
catalysts  were  compared  on  GC  electrodes  with  the  same  Pd 


E  /  V  (vs.  SCE) 

Fig.  6.  CVs  of  the  Pd  FNs  and  Pd  NPs  at  a  scan  rate  of  50  mV  s-1  in  0.1  M  HC104 
solution. 
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E  /  V  (vs.  SCE) 


Fig.  7.  (A)  CVs  at  a  scan  rate  of  50  mV  s  1  and  (B)  i-t  curves  at  0.16  V  (vs.  SCE)  on  the 
Pd  FNs  and  Pd  NPs  catalysts  in  0.1  M  HC104  +  0.1  M  HCOOH. 

loading  of  141.5  fig  cm”2.  The  potential  of  Pd  based  electrodes  was 
firstly  held  at  -0.292  V  (vs.  SCE)  in  0.1  M  HCIO4  for  5  min  to  remove 
the  residual  PVP  26  .  Fig.  6  shows  typical  cyclic  voltammograms 
(CVs)  of  different  Pd  samples.  By  calculating  the  hydrogen 
desorption  region  area,  the  electrochemical  surface  areas  (ECSAs) 
are  estimated  as  8.89, 9.03, 8.74  and  6.47  m2  g_1  for  the  Pd  FN00,  Pd 
FN25,  Pd  FN50  and  Pd  NPs,  respectively;  indicating  that  the  Pd  FNs 
exhibit  higher  ECSAs  than  Pd  NPs.  It  is  believed  that  the  use  of  the 
highly  interconnected  Pd  FN  networks  might  be  beneficial  for  the 
formation  of  porous  electrode,  which  could  account  for  the 
enhanced  ECSA  with  Pd  FNs.  Fig.  7  A  is  a  comparison  of  the  CVs  on 
the  Pd  FNs  and  Pd  NPs  catalysts  in  0.1  M  HCOOH  +  0.1  M  HCIO4  at  a 
scan  rate  of  50  mV  s_1.  Current  densities  of  formic  acid  oxidation  on 
different  Pd  FNs  catalysts  are  very  close  to  each  other,  but  are  much 
higher  than  that  on  the  Pd  NPs.  And  the  maximum  peak  current 
density  on  the  Pd  FN25  is  about  3.0  times  of  that  on  the  Pd  NPs. 
Further  comparison  at  a  potential  of  0.16  V/SCE  also  reveals  that  the 
current  density  of  formic  acid  oxidation  on  the  Pd  FN25  is  ca.  3.2 
times  of  that  on  the  Pd  NPs.  Based  on  ECSAs,  the  peak  specific  ac¬ 
tivities  on  the  Pd  FNs  are  about  2-2.4  times  of  that  on  the  Pd  NPs, 
again  assessing  that  the  Pd  FNs  exhibit  much  enhanced  catalytic 
activity  for  formic  acid  oxidation. 

Fig.  7B  illustrates  i-t  curves  of  the  Pd  FNs  and  Pd  NPs  catalysts  at 
a  given  potential  of  0.16  V/SCE  in  0.1  M  HCOOH  +  0.1  M  HC104.  A 
much  higher  initial  current  density  of  formic  acid  oxidation  on  Pd 
FNs  is  observed  relative  to  that  on  the  Pd  NPs.  And  the  current 


densities  on  the  Pd  FNs  catalysts  are  still  much  higher  than  that  on 
the  Pd  NPs  even  after  1  h  polarization.  And  at  this  point,  the  current 
density  of  formic  acid  oxidation  on  the  Pd  FN25  is  still  about  2  times 
of  that  on  the  Pd  NPs.  Nevertheless,  the  activity  decay  on  the  Pd  FNs 
is  faster  than  that  on  the  Pd  NPs,  which  could  be  due  to  the  fact  that 
much  enhanced  catalytic  activity  would  accelerate  the  production 
and  accumulation  of  carbon-containing  intermediates,  thus 
resulting  in  a  quick  poisoning  of  the  catalyst  [7,9,27,28].  Thus,  to 
improve  the  durability  of  Pd  FNs,  alloying  with  other  metals  such  as 
Co,  Pb,  Au  would  be  an  efficient  way  to  avoid  possible  poisoning. 
Alternatively,  anchoring  Pd  FNs  on  carbon  support  would  be 
another  way  to  prevent  the  Pd  NFs  from  possible  dissolution  and/or 
from  Pd  aggregation  in  acidic  environment  16,29-32]. 


4.  Conclusions 


In  summary,  we  have  reported  the  successful  synthesis  of  novel 
Pd  flower-like  nanostructure  network  catalysts  for  formic  acid 
oxidation.  The  Pd  FNs  catalysts  exhibit  greatly  enhanced  mass  ac¬ 
tivity  and  specific  activity  for  the  oxidation  of  formic  acid  relative  to 
the  Pd  NPs.  Since  Pd-based  network  catalysts  currently  are  found 
very  efficient  for  catalytic  process,  this  study  is  of  great  significance 
for  the  research  of  similar  materials. 
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